[1] In this study, we measure the silicon-isotopic composition d 29 Si,%, relative to NBS28 quartz standard) of dissolved silicon and biogenic silica collected by sequential melting from spring Antarctic pack ice collected near 117°E-64.5°S. This work aims to investigate the use of Si isotopes to quantify the activity of sea-ice diatoms in the different brine structures and the influence of sea-ice diatoms on the spring ice edge blooms. From three cores with contrasted physico-chemical characteristics, we report significant isotopic fractionations linked to diatom activity with distinct silicon biogeochemical dynamics between different brine structures. The diatoms in snow ice and in brine pockets of frazil or congelation ice have the heavier silicon-isotopic composition (+0.53 to +0.86%), indicating that they grow in a closed system and use a significant fraction of the small dissolved silicon pool available. In the brine channels and skeletal layer, diatoms display a relatively lower silicon-isotopic composition (+0.41 to +0.70%), although it is still relatively positive compared to expected equilibrium fractionation. This suggests that the diatoms have grown in a semi-closed system where the dissolved silicon pool (i.e., brine) is partially replenished. The silicon-isotopic composition (+0.63%) of the sea-ice diatoms is much heavier than the one of biogenic silica in the seasonal ice zone mixed layer (+0.09%). Our results suggest that sea-ice diatoms either contribute to an insignificant part of the whole diatom biomass in the upper water layer, or that they are directly exported below the mixed layer.
Introduction
[2] Sea-ice diatom-dominated primary production plays a leading role in the ecology of the polar oceans because it is the sole source of fixed carbon for the upper trophic levels of sea-ice covered waters [Arrigo, 2003; Arrigo and Thomas, 2004] . In fact, sea-ice diatoms represent 65-95% of the seaice biomass [Mathot et al., 1991] because they are physiologically able to maintain higher growth rates under sea-ice conditions than the other phytoplankton groups [Gleitz et al., 1998; Lizotte, 2003] . Moreover, once released into the surface seawater during melting, they have been shown to have a seeding effect that may trigger spring phytoplankton blooms Nelson, 1985, 1986; Garrison et al., 1987; Garrison and Buck, 1989; Michel et al., 1993; Lancelot et al., 2000; Goffart et al., 2000] . Other studies, however, favor rapid export out of the mixed layer soon after melting, either by grazing or aggregation [Mathot et al., 1991; Riebesell et al., 1991; Lancelot et al., 1993; Sharek et al., 1994; Michel et al., 1996 Michel et al., , 1997 .
[3] Sea-ice diatom productivity is likely to be a significant factor in Southern Ocean biogeochemical cycling of C, N, Si, P, S and Fe, and this is presently the focus of investigation in the context of climate change. The algae activity can be qualitatively estimated from the composition of brine nutrients (nitrate, phosphate, silicic acid, nitrite and ammonium) and their deviation, either by consumption or remineralization/dissolution, relative to the dilution curve of seawater [Clarke and Ackley, 1984; Meese, 1989; Dieckmann et al., 1991; Gleitz et al., 1995; Thomas and Papadimitriou, 2003] . However these estimates only represent a final snapshot of the nutrient content of the brine at the time of sampling, and are not representative of the bulk diatom history. This implies difficulties in evaluating the initial nutrient concentrations of the different sea-ice structures, including brine channels, brine pockets, intracrystalline brine layers, and brine feeder tubes. Bias can occur either when sporadic nutrient replenishments or brine drainage processes take place that are not in synch with the diatom activity, or when past diatom generations preserved in the brine structure dissolve. Si isotopes have been proposed as a means to measure the relative dissolved silicon use by diatoms because these organisms preferentially incorporate light isotopes, with apparently no dependence on temperature or species [De La Rocha et al., 1997] , pH [Milligan et al., 2004] or salinity . Their potential has been confirmed through marine and fresh water studies [De La Rocha et al., 2000; Varela et al., 2004; Cardinal et al., 2005 Cardinal et al., , 2007 Alleman et al., 2005] which have demonstrated their usefulness in quantifying diatom dynamic growth and their effect on the dissolved silicon pool. From this perspective, this study is the first to provide sea-ice silicon isotope data, both in the biogenic fraction and in the brine, and to explore their use for quantifying the diatom activity in the pack ice. As the physical ice characteristics, such as temperature, salinity, brine and crystal structure, have important effects on biological processes [e.g., Clarke and Ackley, 1984; Cota et al., 1987; Cota and Horne, 1989; Eicken, 1992] , the Si-isotopic composition of different ice types such as snow ice, frazil and congelation ice are compared. Furthermore by confronting the Si-isotopic signature of the sea-ice diatoms to that of the upper water column diatoms (collected in the seasonal ice zone Cardinal et al., 2007] ), we investigate the influence of sea-ice diatoms on the Si-isotopic composition of the spring ice edge bloom.
Materials
[4] In spring, Antarctic pack-ice primary productivity occurs in various layers within the ice [e.g., Horner, 1985; Arrigo, 2003; Arrigo and Thomas, 2004] . In the bottom section, where the temperature is above À5°C, a threshold above which the brine network becomes interconnected in ice with >5% bulk ice salinity [Golden et al., 1998; Golden, 2001] , allowing exchanges with the underlying seawater. This section includes the so-called ''skeletal layer'' which has increased porosity consisting of intracrystalline brine layers and a complex connecting brine network running through it. In the upper section, which is below À5°C, the primary productivity is sparse because the environmental conditions (low temperature, confined space, high salinity) are unfavorable. An exception to this is the surface snow ice layer where primary productivity can occur, linked with the sporadic input of nutrients from seawater flooding of snow and subsequent refreezing. Our study will investigate ice core samples from each of these environments that are potentially favorable to diatom growth.
[5] Ice cores were collected during the ARISE (AU0301) campaign aboard RV Aurora Australis in 2003, which took place in the beginning of spring (September -October). The physical properties of the ice at this time of year change rapidly and this affects the sea-ice biogeochemistry. A total of 13 ice stations were undertaken during the voyage, of which three have been selected for detailed analysis in this paper. These are sites III, IV, and V from the pack ice region located at $64.5°S, 117°E, located just offshore from Australia's Casey station. Vertical profiles of ice texture, in situ temperature, ice salinity, relative brine volume (V b /V = ratio between brine volume and ice volume) and chl-a are available from Lannuzel et al. [2007] and Tison et al. [2004] , and summarized in Table 1 . These parameters were measured on different cores, collected within 20 cm of each other, at each station. Stations IV and V show the typical binomial layering of first year pack ice, which consists of frazil ice (ice with equigranular crystals formed under turbulent conditions) at the top and congelation ice below (ice with vertically elongated crystals formed by downward growth under quiescent conditions). The ice at Station III was thicker (155 cm) and of peculiar origin since it shows no columnar ice (80% of frazil ice, 20% of snow ice). Stations III and V display a snow ice layer (equigranular ice formed when seawater infiltrates the snow cover by flooding) of 30 cm and 20 cm respectively. The ice of Station IV is <À5°C (except for the bottom 20 cm), and therefore in a ''cold regime'' with a brine network mostly not connected [Golden et al., 1998; Golden, 2001; Lannuzel et al., 2007] . This is supported by thin section analysis [Tison et al., 2004] which shows no sign of a warming-cooling event [Tucker et al., 1987; . In contrast, stations III and V are mostly under a milder temperature regime [Tison et al., 2004; Lannuzel et al., 2007] as the À5°C isotherm is near the surface of the ice floe and most of the brine network are interconnected. This strong contrast in the temperature regime of cores from the same region is most likely caused by the large difference in the insulating snow cover thickness between sites (Table 1 ). These three cores were therefore chosen for their very distinct physicochemical characteristics.
[6] In situ dissolved Si was sampled using the ''sackhole'' method. This involves drilling a hole at two different depths in the ice cover, based on the temperature profile. One hole is drilled above the À5°C isotherm, and one below it. This enables the brine to seep out of the surrounding ice and be collected in the bottom of the hole. This method allows the sampling of large brine volumes but has the disadvantage that the ice volume feeding the collected sample is unknown. The samples were filtered onto 0.4-mm polycarbonate membranes, but unfortunately these filters were not available for the measurements of isotopic composition of bulk biogenic silica.
[7] For laboratory biogenic and dissolved silicon extractions, blocks $10 cm thick (200-400 mL) were cut from ice cores with a steel saw in a cold room at À25°C. The exact depth intervals are reported in Table 1 . Each block was sequentially melted, either naturally at +3°C or in a microwave oven using warming cycles of 10 s. This enabled us to separate the different phases (brine vs. pure ice) by their melting point, in order to collect the most saline fractions first, followed by the less saline aliquots. The melted samples were collected every $10-50 mL and immediately filtered through a 0.4 mm polycarbonate membrane to separate biogenic silica (BSi) from dissolved silicon (DSi). Unlike the sackhole sampling method, the sequential melting does not provide a sufficient sample of DSi to perform isotopic analyses. However, it does allow us to separate the different brine structures (see below) which is not possible using the bulk brines collected from sackholes.
Analytical Methods
[8] We apply a wet-alkaline digestion on filter samples (adapted from Ragueneau et al. [2005] ), which involves dissolving biogenic silica with a 0.2 M NaOH solution (pH 13.3) at 100°C for 40 min. As this digestion can also dissolve a part of lithogenic silica, we also analyze ) along with the concentration of the biogenic and dissolved silicon by ICP-AES. This method only provides an estimate of the bulk salinity of the aliquots and has been used here for the purpose of having a relative term of comparison between samples of limited volume.
[9] Silicon was purified through its quantitative reaction with triethylamine-molybdate [De La Rocha et al., 1996] . Si-isotopic compositions were then measured on a Nu Plasma MC-ICP-MS, using Mg external doping in dry plasma mode, following Cardinal et al. [2003] Si by applying a multiplying factor of 1.96. The triethylamine-molybdate step requires a minimal quantity of 2.5 mmol of silicon, so we sometimes had to merge samples in order to measure the isotopic composition. Owing to this sample size limitation, we could not analyze replicates. Nevertheless full replications (including the triethylamine-molybdate step) are usually within ±0.08% (±2s) [Cardinal et al., 2003 Carignan et al., 2004] .
Results
[10] The salinity of the first fractions collected during the sequential melting experiments was 19 ± 10% which is much lower than the expected range of brine salinity (37.6% < S < 209.9%) within the potential À2°C to À20°C temperature interval [Cox and Weeks, 1983] . This indicates that the sequential melting procedure does not collect pure brine samples because: (1) both the relatively small volume of the sample block and the geometry of the apparatus result in simultaneous melting of the pure water ice areas in contact with the container's walls and (2) the sampling of brine pockets and intracrystalline brine layers requires partial melting of some surrounding pure ice crystals (Figure 1 ). However the sequential melting produced a continuous sequence of liquid with decreasing salinity (19 ± 10% to 0.5 ± 0.5%). This suggests that the volumetrically large connected brine structures (intracrystalline layers in the skeletal layer, channels and their feeder branches) were likely to be drained before the smaller and more isolated brine pockets which are trapped within the ice structure as shown schematically in Figure 1 .
[11] (Figure 2 ) presents the two trends usually observed for the dissolved silicon (DSi) with regards to the dilution curve of seawater (at the ice-water interface; DSi = 61 mmol L À1 Figure 1 . Sketch showing the potential stages of the drainage process within a sea-ice sample as it is progressively warmed up (sequential melting). Sal t1 (%) = 19 ± 10, Sal t2 (%) = 8 ± 6, Sal t3 (%) = 3 ± 1.5, Sal t4 (%) = 0.5 ± 0.5. and S = 34.5%). All blocks with the exception of the snow ice (III A and V A), show the same trend: the first fraction collected during the sequential melting lies on the seawater dilution curve but all other successive fractions are below. In the case of snow ice all fractions, including the first one, are below the seawater dilution curve. The fact that some aliquots lie slightly above the sea water conservative dilution curve probably results from uncertainties in the bulk salinity estimates (see section 3).
[12] Table 1 summarizes the main physico-chemical and biological characteristics of the studied ice samples. It also provides the Si-isotopic signatures along with their standard deviation (2s) of both the bulk brine from in situ sackholes and the biogenic fractions collected during the sequential melting experiments (steps t 1 , t 2 , t 3 , t 4 of Figure 1 ). In snow ice, biogenic silica has similar positive signatures at two different stations (d 29 Si BSi at +0.67% and +0.73% for cores III and V respectively). The ''internal'' ice sample at temperature below À5°C (block IV B) shows the lowest measured d
29
Si BSi (+0.41%) of the data set presented here. The ''bottom'' samples (blocks C), which are the only samples where it has been possible to measure the Si-isotopic signature on the different fractions collected during the sequential melting, have d
Si BSi in the range of +0.49 to +0.86% (Table 1 ). The biogenic silica of fractions t 1 and t 2 display a less positive Si-isotopic composition (+0.49 to +0.70%) than fractions t 3 and t 4 (+0.53 to +0.86%), with the exception of fraction t 4 of the block IV C which exhibits the same d 29 Si BSi as the first fraction (+0.53 and +0.52% respectively). All the other Si-isotopic compositions of fractions t 3 and t 4 lay between +0.67 and +0.86%.
[13] The isotopic composition of the dissolved silicon source, i.e., the seawater at the ice-water interface, is the same for two stations (average = +0.91 ± 0.02%) and is almost exactly the same as the one measured for seawater in the seasonal ice zone during spring 2001 at 140°E (+0.93 ± 0.04%) by Cardinal et al. [2005] . The d
Si DSi measured in sackhole brine of core IV (>À5°C) is not significantly different (+0.89%) from the one measured in seawater at the interface. On the contrary, sackhole brine from core III (>À5°C), shows the heaviest d 29 Si DSi (+1.17%) of the data set.
Discussion

Bulk Sackhole Brines Si Signature
[14] Interpretation of the dissolved Si-isotopic signature of bulk sackhole brine is complex because of the unconstrained origin of the sample from the surrounding sea-ice cover. For the same reason, caution must be exercised when comparing these values to the results of the biogenic silica analyses from the sequential ice melting experiments described above.
[15] The Si-isotopic signature of the bulk brines for the lower part of station IV (above -5°C) is not significantly different from the seawater underneath (Table 1) [Eide and Martin, 1975; Wakatsuchi and Ono, 1983; Worster and Wettlaufer, 1997; Wettlaufer et al., 1997] which would entrain isotopically light silicic acid from underlying seawater into the brine network. This would act to diminish the difference between the Si-isotopic signature of the diatoms previously formed and the DSi pool [Cardinal et al., 2007] .
[16] Sackhole brine collected in the lower part of the ice cover at Station III (above À5°C) at +1.17% indicates an enrichment of the brine in the heavy isotopes, providing evidence for a significant consumption of the DSi pool by diatoms. This is in apparent contradiction with the thermal regime of the ice (>À5°C) that should favor important silicon exchanges with the underlying seawater reservoir. However, the ice here is exclusively of granular texture, which probably hampers brine exchanges compared to congelation ice. Indeed, Tison and Verbeke [2001] have shown that brine channel density is lower in granular sea ice than in columnar sea ice, at equivalent growth rates. In addition, the ice cover is 2 to 3 times thicker at Station III. Thus the sackhole brine sample integrates a depth range that includes some ice located far away from the ice-water interface. The greater thickness should also decrease the exchange rates with the water reservoir, as described by Thomas and Papadimitriou [2003] .
Si Dynamics in Sea-Ice Brine 5.2.1. In Search of an Isotopic Model
[17] Our Si-isotopic measurements on sequential melting fractions demonstrate different biogeochemical Si dynamics for different ice types and thermal regimes. Two simple models have been proposed to account for isotopic fractionation induced by the formation of a product (in our case silica) from a dissolved pool (dissolved Si): the Rayleigh model [Mariotti et al., 1981] and the steady state model [Sigman et al., 1999] , for a closed or open system respectively. In sea ice, the Rayleigh model should be more appropriate to account for the Si-isotopic fractionation by diatoms in closed systems such as brine pockets, intracrystalline brine layers or snow ice. Furthermore, our measurements of the integrated Si-isotopic signature were made from several generations of diatoms, rather than from diatoms grown at a given time, and would therefore be best described by the accumulated biogenic silica rather than the instantaneous biogenic silica. The steady state model can be thought of as an open system with the addition of continuous, infinitesimal mixing events that supply dissolved silicon with the same isotopic signature as the source [Sigman et al., 1999] . It requires a strict equilibrium with the inflows of Si in the dissolved pool equaling the uptake into the biogenic pool, thereby keeping the DSi concentration constant. Although the steady state model is conceivable in the open ocean where the surrounding waters can be considered as ''isotropic'' in terms of nutrient availability at the diatom scale, the situation is likely to be much more complex in the permeable sea-ice brine network. There, nutrient availability will be strongly dependent on the brine network geometry (predominantly vertically structured). Isotopic fractionation could indeed be close to the predictions of an open steady state model for the diatoms located at the ice-ocean interface. However, for those living further inside the permeable brine network, nutrient input will depend on the distance to the ice-ocean interface and on the depletion history of the DSi pool related to the uptake from the diatoms closer to the interface. This could be seen, in a simplified way, as a boundary layer fractionation model, in which the transport of the isotopic species toward the diatom membrane is driven by diffusion only, but with a varying boundary layer thickness, depending on the location of the diatom within the permeable brine network. The larger the boundary layer thickness, the closer the model will be to a Rayleigh case. During the sequential melting procedure, the first aliquot collects the majority of the diatoms attached within the whole interconnected brine network. It therefore integrates different steady state conditions (both spatially and temporally) in its biogenic d 29 Si signal. In the absence of a more sophisticated isotopic model, the steady state model might be used, at least semiquantitatively, as a high estimation of the relative use of the DSi pool. However this will only provide an average relative use of the DSi pool for all diatom populations and generations from the same complex permeable structure.
[18] These models will give us ''f'' (= DSi measured / DSi initial ), the remaining silicon fraction, which is a measure of exhaustion of the DSi pool and so the diatom activity. Two parameters must be known for characterizing ''f. '' [19] Firstly, the isotopic signature of the source of dissolved silicon (d 29 Si DSi0 ), i.e., the underlying seawater, has been determined at +0.91 ± 0.2%. Since the primary production under the ice sheet is not significant [Arrigo, 2003] , the Si-isotopic composition remains unchanged from the beginning of the formation of the ice sheet until its break up. This assumption might not be valid for brine pockets in frazil ice which form in autumn from seawater with potentially significant diatom activity [Arrigo and Thomas, 2004] that may induce local isotopic changes. Since we have not measured the Si-isotopic composition in this ice type, it is not an issue for this study. It should also be noted that there is limited spatial variability at the regional level, since the Si-isotopic composition of the underlying seawater at two different stations (III and V) is similar. This is supported by Cardinal et al. [2005] who also measured the same Siisotopic signature for seawater in the seasonal ice zone during spring 2001 at 140°E.
[20] Secondly, the diatom-water Si-isotopic equilibrium fractionation factor ( 29 e), which has been established experimentally at À0.57 ± 0.21% by De La Rocha et al. [1997] and confirmed, within the reported error, by Milligan et al. [2004] (À0.79 ± 0.1%). In the Southern Ocean, have determined a fractionation factor in summer varying between À0.52% and À0.88%, calculated by the Rayleigh model and open steady state models respectively. In spring, under a more intense mixing regime, and using a multibox approach, Cardinal et al. [2005] estimated a fractionation factor (À0.53 ± 0.16%) similar to the one of De La Rocha et al. [1997] measured south of the polar front.
[21] In the following sections, we will apply the Rayleigh and the open steady state models to our data set, using the experimental fractionation factor of De La Rocha et al.
[1997] to assess the state of exhaustion of the DSi pool with the ''f'' value (= diatoms activity) of the remaining silicon fraction. In view of the assumptions inherent in the models discussed above, and because some recent indications suggest a possible dependency of the fractionation factor on various experimental parameters [Cardinal et al., 2007] , these ''f'' values have to be considered as ''first-order'' approximations. Further work is clearly needed to improve the sampling resolution, the fractionation factor estimates, and the concept of the fractionation model, before a precise quantitative use of silicon isotopes in sea ice can be achieved.
Frazil and Congelation Ice Signatures
[22] All the first fractions sampled during sequential melting from frazil and congelation ice are on the dilution curve (trend shown in Figure 2) , which indicates either a lack of consumption by diatoms or remineralization of biogenic silica, or that the consumption-remineralization processes are somehow balanced by large exchanges with seawater. Note that with the exception of aliquot t 1 from sample V C (which probably did not collect all the diatoms fixed on the brine channels' walls), these fractions exhibit the highest concentration of biogenic silica (Table 1 ). This is evidence that some DSi must have been consumed by diatoms. These fractions represent open brine structures where significant exchanges with seawater are likely to have occurred [Weeks and Ackley, 1986] . The next samples collected, which are all below the dilution curve in the DSi/ Salinity diagram, indicate a net consumption of dissolved silicon by diatoms, and therefore a rather closed system. The last fractions sampled sometimes plot slightly above the sea water dilution curve which, as suggested earlier, may reflect an underestimate of the bulk salinity. This suggests a progressive closure of the system.
[23] This is confirmed by the biogenic silica isotopic signatures of the bottom congelation ice (blocks IV C, V C) which exhibit a general trend toward more positive values throughout the sequential melting process (Table 1 and ( Figure 3) ; the block III C is not shown in Figure 3 because we have only the Si-isotopic compositions of the fractions t 1 and t 2 for this sample). Hence the initial fractions collected are representative of the brine channels, or layers trapped within the skeletal layer, both of which are characterized by large primary production and potential exchanges of nutrients with seawater [Weeks and Ackley, 1986] . However, the isotopic signatures of the biogenic silica in these brine aliquots are relatively positive (+0.49 to +0.70%; station III included), supporting a significant use of the DSi pool. Applying the open steady state model gives DSi pool use estimates between 25 and 60%. Therefore these brine structures are likely to represent a semi-closed system, where the diatoms consume DSi before the pool has been replenished by exchanges with the underlying seawater.
Consequently our d
29 Si BSi data suggest that convection or diffusion in the brine system [Eide and Martin, 1975; Wakatsuchi and Ono, 1983; Worster and Wettlaufer, 1997; Wettlaufer et al., 1997] cannot be fast enough to replenish the DSi pool at all times.
[24] The last fractions collected represent the closed brine pockets and intracrystalline layers, with limited primary production or potential for nutrient exchange [Weeks and Ackley, 1986] . In these cases, the observed Si-isotopic composition of biogenic silica supports a more significant relative use of the DSi pool than in the open structures. However, the lower biogenic silica isotopic signature of the last fraction from block IV C (t 4 ) stands out as an exception to the trend described above (Figure 3) . A plausible explanation can be the proximity of the À5°C isotherm, suggesting that the environmental conditions of the corresponding brine pockets and intracrystalline brine layers were favorable for primary production for only a short time before sampling. Consequently the diatoms have used a less significant part of the dissolved silicon pool than in the other more readily accessible brine inclusions of samples IV C t 2 -t 3 . The DSi pool use estimates range here between 50 and 100% when applying the Rayleigh model. Removing the outlier IV C t 4 brings this range between 80 and 100%.
[25] The first fractions of the internal blocks, at in situ temperatures below À5°C (IV-B, Table 1 ), display the lowest measured biogenic silica isotopic signature of the data presented in this paper (0.41%, Table 1 ). This suggests that the diatoms were incorporated in the sea ice at the very beginning of the DSi use, probably when they were at the icewater interface at the beginning of the winter. Afterward their growth probably stopped owing to the unfavorable environmental conditions [e.g., Gleitz et al., 1995] , and they have Table 1 ). The notation (t 1 , t 2 , t 3 , t 4 ) is the same that in the Figure 1 . The horizontal line at +0.91 ± 0.02% is the value of the dissolved silicon source (seawater at the ice-water interface) with two error bars (two dashed lines). The brackets for the samples IV C t 4 indicate that it is out of the trend (see text). therefore had little effect on the available DSi pool (the open steady state gives a Si utilization estimate of less than 10%). The relatively low chl-a peak (0.140 mg/L) and the high percentage of dead diatom frustules (S. Becquevort, personal communication, 2006) are in agreement with this hypothesis.
Snow Ice Signatures
[26] Because snow ice is an environment where the diatoms are only supplied with nutrients by sporadic seawater infiltration [Arrigo and Thomas, 2004] , diatoms can easily be cut off from their nutrient supply. According to our d
29
Si BSi data (III-A and V-A in Table 1) , diatoms have consumed a large part of their available dissolved silicon pool: 80 to 90% from the Rayleigh model.
Potential Contribution of Sea-Ice Diatoms to Spring Ice Edge Blooms
[27] The isotopic signature of biogenic silica in sea ice (mean = +0.63 ± 0.12%, Table 1 ) is much more positive than those reported for biogenic silica in the seasonal ice zone mixed layer during spring (AESOPS survey and process 1, +0.12 ± 0.12% ; CLIVAR-SR3, +0.06 ± 0.18% [Cardinal et al., 2007] ). The sea-ice diatoms therefore represent either an insignificant part of the diatom biomass in the mixed layer after the sea-ice break up, or are directly exported out of the mixed layer. Such a large difference is very significant analytically and, in the following, we discuss the possibility to use it as a tracer of diatoms grown within sea ice. The contribution of such diatoms to the deep ocean BSi flux is unknown. Gersonde and Zielinski [2000] have measured large sea-ice diatom fluxes in sediment traps soon after ice melt, but it is impossible to determine the proportion of diatoms grown in sea ice vs. those grown in surface waters after seeding, because both processes result in diatom assemblages typical of sea ice. We suggest that the isotopic composition of BSi in sediment traps could be used to estimate the sea-ice contribution to this flux. In contrast, for paleoceanography studies, given the relatively low BSi budget in sea ice compared to the mixed layer integrated over the growth season, it is unlikely that such isotopic differences could be measurable in sediments as a means to track sea-ice extent. Indeed, Gersonde and Zielinski [2000] observed in surface sediments that the seaice diatoms represent a maximum of 15% in the marginal ice zone. Even if all these diatoms grew within sea ice (which is obviously an overestimate), giving a mean sea-ice Si-isotopic signature of +0.63 ± 0.12%, they would induce a shift in the Si-isotopic composition in surface sediments close to 0.08%, which is the standard deviation (2s) of the measurements. A similar approach has been proposed for carbon isotopes [Arrigo and Thomas, 2004] but the C isotopic difference is much larger (up to 22%) than for silicon. Clearly further work is required to confirm that the Si isotopic difference between diatoms in sea-ice and in the mixed layer is a recurrent feature.
Conclusions and Perspectives
[28] This study provides the very first data on the dissolved and biogenic Si-isotopic signature in sea ice. Our isotopic data indicate that diatom activity and the Sibiogeochemical dynamic in sea ice vary significantly between different brine structures. The brine channels, their feeder branches, and the intracrystalline brine layers in the skeletal layer represent semiclosed systems where diatoms consume a significant part of the DSi pool (i.e., brine) which is only partially replenished by convection or diffusion with the underlying seawater. The brine pockets and the intracrystalline brine layers trapped in the ice structure behave as closed systems, where a more significant part of the small DSi pool is consumed. In snow ice, the diatoms can be cut off from the nutrient supply initially provided by seawater infiltration and will therefore use a large part of their available dissolved silicon pool.
[29] We propose that the contrasted Si-isotopic signature between sea-ice diatoms and surface seawater diatoms might be used to determine the proportion of the biogenic silica flux to the deep sea, contributed by diatoms which have grown in sea ice vs. diatoms which have grown in seawater after sea-ice melting.
[30] Future work should focus on the seasonal evolution of the Si-isotopic signature in distinct sea-ice environments (pack ice versus landfast ice; Antarctic versus Arctic) and develop a dedicated Si-isotopic fractionation model for seaice diatoms. This, in turn, should allow us to study the spatial and temporal variations of diatom activity in sea ice and the influence of sea ice on the Si-isotopic budget of the polar oceans and the biogenic fluxes to the deep sea.
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